This paper investigates the influence of electrical and thermal human tissue parameters on the heating of a body illuminated by a millimeter plane electromagnetic wave. A stochastic approach is considered with a three-layer model of the body: it is found that the parameters of skin play a major role.
I. INTRODUCTION
N OWADAYS, millimeter and submillimeter electromagnetic (EM) waves are more and more employed in industrial environments [1] , security devices (e.g., body scanners) [2] , and biomedical procedures [3] - [5] . For this reason, the investigation of their biological effects and consequences on human health has become a hot topic, faced from different viewpoints [6] , [7] . Since the measurement of the dosimetric quantities induced inside a human body is practically unfeasible, computational models can be adopted to estimate the power density deposited by the EM wave into the tissues, as well as the corresponding temperature elevation. As an alternative, suitable tissue phantoms can be used to bypass the problem and carry out the experimental measurements; also in this case, specific mathematical models appear to be fundamental in phantom design, anyway. When mimicking the exposure of real biological tissues, a critical point shared by all computational and experimental approaches is given by the choice of the dielectric and thermal properties to be assigned to the tissues themselves. As discussed in [8] , quite large uncertainties and spread of such values are found among scientific articles, due to natural variability, sample features, and measurement conditions. Therefore, parametric analyses are fundamental to investigate the influence of tissue parameters in the thermal response of the body. On the other hand, an accurate investigation of field propagation is a computationally demanding task in the frequency band of interest [9] , insomuch that numerical solver fails have been reported in some cases [10] .
II. METHOD
On the basis of the formulations proposed in [8] , this paper uses a 1-D model to evaluate the heating of tissues, represented as a stratified structure with three flat layers indefinite over the xy plane: 1) skin; 2) subcutaneous adipose tissue (SAT); and 3) muscle. This structure is exposed for a limited time to a linearly polarized uniform plane wave, with a frequency of 0.1 or 1 THz, carrying a unitary power density and normally incident to the body surface (i.e., traveling along the z-axis). Under these conditions, disregarding any initial transient and working in frequency domain, the propagation of the electric (E) and magnetic (H ) fields in each i th layer (including the external air region) is described by 1-D Helmholtz equations. These latter can be solved analytically, by exploiting the electric field of the unperturbed wave as a driving term, considering that no reflection takes place in the last layer (which extends to infinite) and imposing classical continuity conditions (i.e., conservation of both E and H tangential components) across each interface [8] . Thus, the average volume power density P em transferred by the field to the tissues at each period is given by
where σ indicates the equivalent electric conductivity. Then, P em becomes the source term for the bioheat equation [11] , which is formulated in terms of temperature elevation θ with respect to the starting steady-state temperature (that varies along z). This approach removes the influence of metabolic power and blood temperature on the results, leading to
where λ is the thermal conductivity, h b is the perfusion coefficient, c v is the heat capacity per unit volume, and t is time. Equation (2), subjected to Robin boundary conditions at the border with air (with heat transfer coefficient set to 7 Wm −2°C−1 ) and continuity conditions across the interfaces, is finally solved by a noncommercial code based on the finite-element method in the time domain, through a timestepping Crank-Nicolson procedure. It must be noted that the temperature elevation is directly proportional to the surface power density of the incident wave, so that the results can be scaled accordingly. A phase of active exposure followed by a cooling period of 400 s is simulated and the maximum temperature elevation θ max is analyzed (Fig. 1) . Unlike the deterministic approach followed in [8] , a stochastic method based on a polynomial chaos expansion of θ max (see the Appendix) is here exploited to reduce the computational burden. The computations have been performed using a third-and fourth-order developments:
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. the results are stable, compared with those obtained with a development of higher order (not shown for brevity). The computational times decrease by many orders of magnitude with respect to a classical Monte Carlo approach: in most cases, 250 deterministic simulations (∼10 min on a standard PC) have been found enough to solve the stochastic problem with a third-order development, and no more than 2000 with a fourth-order development. Most importantly, the analysis of the variance provides useful information that can be exploited to better understand the phenomenon.
III. RESULTS OF VARIABILITY The input parameters (including the relative permittivity ε r ) shown in Table I are considered using a stochastic spectral method [12] , [13] ; their values are varied according to the variability found in [8] , assuming that all these parameters are independent and follow a uniform distribution. The ranges of variation of thermal parameters have been deduced from the extreme values found in literature; it must be noted that the reference values (indicated between brackets in Table I ) do not necessarily correspond to the mean values of the considered ranges, but they have been chosen because they appear to be the most commonly used. As regards the permittivity and conductivity of the skin, a range of ±50% has been arbitrarily chosen. Since the penetration depth of the EM waves is very shallow at the considered frequencies, the dielectric parameters of SAT and muscle play a minor role; therefore, they have been excluded from the analysis. The influence on the maximum temperature elevation θ max in the skin and in the SAT is investigated for an exposure time T e of 1 s, 10 s, and 60 s. For each studied variable, the probability distribution function (PDF), as well as the partial variance and the total effect (see the Appendix) are computed. All the quantities are expressed in terms of a relative variation ( θ max ) with respect to the nominal case obtained with the reference values of the parameters.
A. Effect of the Frequency
The PDF of θ max computed for the skin and the SAT at the frequencies of 0.1 THz and 1 THz are shown in Fig. 2 for the different exposure times (1 s, 10 s, and 60 s). It can be observed that the skin appears to be more sensitive to the frequency, in particular, for an exposure time of 1 s. Conversely, the PDF of the SAT appears to have a little dependence on the frequency of the EM wave. It is interesting to note that in most cases θ max is negative, meaning that the values assumed as reference for the parameters give rise to quite severe exposure conditions.
The analysis of the variance for skin (Table II) and SAT (Table III) puts in evidence the fact that the most important parameters are the dielectric properties of the skin, ε r and σ (which strongly depend on the frequency), as well as the thermal conductivity. Conversely, the heating of the SAT is mostly determined by the thickness of the skin.
Together, these data support the idea that heating in the skin is dominated by the deposition of energy given by For what concerns the skin, one observes that permittivity ε r and conductivity σ are likely to have a joint effect: this can be deducted by the fact that for both (and only) these parameters the partial variance is significantly lower than the total effect. This seems to be correct from the physical point of view: remember that the analytical expression of the solution of the Helmholtz equations in the harmonic regime [8] is given in terms of the intrinsic impedance η and of the propagation coefficient k of the layers
where ω is the angular frequency and the underlined symbols indicate complex quantities.
As for the SAT, even if the dielectric properties are very different at 0.1 THz and 1 THz (Table I) , little or no effect is observed on the PDF. One observes that in the SAT the maximum temperature elevation is located at the interface with skin (not shown): that could explain why the thickness of the skin is determinant.
B. Effect of the Exposure Time
The exposure time T e appears to have a much higher influence on the results. The analysis of variances reveals that the parameters responsible for the variability are not the same for short (1 s and 10 s) and long (60 s) exposure times.
As regards the skin, short exposure times are mainly influenced by the dielectric properties, whereas for longer exposure times, the influence of thermal properties dominates: this is, particularly, evident at 1 THz. This suggests that for short exposure times the maximum overheating of the skin is determined by the spatial distribution of the deposited EM energy, whereas for longer times heat transfer phenomena become more important. As for the SAT, one observes (Fig. 2 ) that a little difference is found between the PDFs for the exposure times of 1 s and 10 s, and the PDF for 60 s. This fact is explained by the duration of the transient for the heat conduction [18] , which can be estimated as
where a = λ/c v ∼ = 10 −7 m 2 s −1 is the thermal diffusivity and e ∼ = 2 mm is the thickness of the skin layer. One observes that 1 s and 10 s are much smaller than this characteristic time: thus, the heat pulse has not sufficient time to reach the SAT layer, whereas for an exposure time of 60 s this is not the case.
IV. CONCLUSION The effect of the variability of some relevant parameters on the heating of the surface tissues in a human body illuminated by a plane millimeter/submillimeter wave has been taken on. The main outcome is that the variability on θ max in the skin depends mostly on the electric/dielectric properties, whereas in the SAT, it depends essentially on the thickness of the skin. In any case, the reference case appears to be very conservative, in that the PDFs (Fig. 2) are strongly biased toward negative variations (i.e., lower temperatures). These results confirm what has been found in a previous study [8] . The exposure time appears to have a higher impact on the results than the frequency of the EM wave (of course the absolute value of the temperature are much higher for 1 THz than for 0.1 THz). A large difference is observed between short and long exposure times: it would be interesting to monitor the evolution of the partial variances with respect to the time, to better understand the underlying physics.
One of the major problems with this (and indeed any other) approach is the characterization of the variability of input variables. In particular, it is assumed that all the parameters are independent, which is a very conservative assumption: at the present time, this is the only possible approach, due to the lack of information on the correlation of these parameters (for instance, high values of some thermal parameters for one layer could statistically correspond to high values of another layer).
These results have been obtained using a simple 1-D model because of the low penetration depth in biological tissues at the frequency of interest. In future works, these results could be used to obtain a surrogate model of the thermal source for more realistic computations.
APPENDIX STOCHASTIC SPECTRAL METHOD

A. Polynomial Chaos
The stochastic spectral method is based on the expansion of the random variable θ max in a polynomial basis depending on the 13 input random variables (Table I) . Since the input random variables are characterized by uniform laws, it can be efficiently expanded on the generalized polynomial chaos [14] based on the Legendre polynomials
where L p (·) are Legendre polynomials, and ξ k ∼ U(−1; 1) is a random variable, uniformly distributed between −1 and 1. The unknown coefficients y i can be computed using a projection method
where E[·] is the operator expectation. The term E[ψ 2 i ] does not depend on random variables, and, therefore, it is computed analytically, but for the second integral quadrature rules are applied. However, applying a tensor product design based on 1-D Gaussian quadrature rules is most of the time prohibitive since the number of quadrature nodes increases exponentially with the number of dimensions. This number can be dramatically reduced using a sparse grid: that is, the high-order terms are dropped in (5), thus reducing the number of unknown coefficients y i to be computed. In particular, all the terms for which the partial degree d i = 13 k=1 i k is higher than a given value are dropped. A further reduction of the computational cost is obtained using adaptive strategies [13] , which consist in truncating the expansion (5) along a variable if no appreciable increase of the variance is observed.
B. Partial Variance, Total Effect
Let V = var[ θ max ] be the (total) variance of an observed variable θ max . The variance can be written as [15] , [16] 
V i j + · · · + V 12,...,n
where E[V i ] = 0 for any combination of indexes excepted V 0 . For each variable input parameter x i , the method computes the partial variance (called also main effect or Sobol sensitivity index [17] )
The partial variance quantifies the influence of a parameter x i by its own-that is without considering the possible interactions with other parameters. The total effect T i quantifies the influence of a parameter, including its possible interactions with other variables [15] T
where var[E[ θ max | ∼ x i ]] is the variance of the conditional expectation of θ max , where all parameters but x i are known. If T i ∼ = S i , the effect of x i on θ max is nearly uncorrelated with all the other parameters.
